Little is known of the mechanisms underlying the marked fall in pulmonary vascular resistance that occurs at birth, but changes in the expression of endothelial vasoactive and angiogenic factors during lung development might play a key role. Nitric oxide, endothelin-1, and vascular endothelial growth factor have critical effects on vascular tone and cell growth. Here, we investigated the protein expression of endothelial nitric oxide synthase, endothelin-1 and its receptors, and vascular endothelial growth factor in pulmonary necropsy samples from 14 fetuses of different gestational ages and from 5 infants. Expression of endothelin-1 and its receptor endothelin-A was strong and stable. In contrast, expression of the endothelin-B receptor was weak in early gestation, then increased markedly in mid-gestation and remained high thereafter. The expression of endothelial nitric oxide synthase and vascular endothelial growth factor fell markedly after mid-gestation and remained low thereafter. These data point to a discrepancy between maturational and functional changes in human pulmonary vascular structures. The weak perinatal expression of endothelial nitric oxide could suggest that other potent vasodilatory mediators are responsible for the marked vasodilation observed at birth. During gestation, the placenta ensures the totality of maternofetal gas exchange. Fetal lung development is associated with high PVR, with Ͻ10% of ventricular output entering the lungs. The mechanisms underlying these high PVR in fetal lung are not entirely clear and might involve lack of ventilation, low oxygen pressure, and, possibly, regulated expression of endothelial vasoactive and angiogenic factors with a preponderance of vasoconstrictive ones (1-3). The perinatal transition of gas exchanges from the placenta to the lungs at birth requires a marked and sharp decrease in PVR, allowing the pulmonary blood flow to increase 8-to 10-fold during the first hours of life. The mechanisms underlying this phenomenon have not been elucidated and appear to involve rhythmic distension of the lung, increased oxygenation, shear stress, and changes in vasoactive factor expression (3). In experimental animals, the basal pulmonary vessel tone appears to be tightly regulated by a balance between endothelium-derived mediators, some of which display major vasodilating effects, such as NO, EDHF, and prostacyclin, and some potent vasoconstrictive effects, such as and ET-1 and leukotrienes (4 -10). NO, for instance, produced from L-arginine by the action of a constitutive eNOS, is clearly involved in the postnatal fall in PVR in rats, lambs, and piglets (1, 11, 12) . The effects of ET-1, mediated through two different sets of receptors, ET-A and ET-B, are more ambiguous (13). ET-A, mostly present on vascular smooth muscle cells, mediates vasoconstriction. ET-B, on the other hand, might participate both in the release of vasodilatory mediators such as NO when located on endothelial cells and in vasoconstriction through its location on vascular smooth muscle cells (10,14 -17). In rats and lambs, the gradual rise in pulmonary eNOS expression with advancing gestational age matches the perinatal transition from the saccular to the alve- 
During gestation, the placenta ensures the totality of maternofetal gas exchange. Fetal lung development is associated with high PVR, with Ͻ10% of ventricular output entering the lungs. The mechanisms underlying these high PVR in fetal lung are not entirely clear and might involve lack of ventilation, low oxygen pressure, and, possibly, regulated expression of endothelial vasoactive and angiogenic factors with a preponderance of vasoconstrictive ones (1) (2) (3) . The perinatal transition of gas exchanges from the placenta to the lungs at birth requires a marked and sharp decrease in PVR, allowing the pulmonary blood flow to increase 8-to 10-fold during the first hours of life. The mechanisms underlying this phenomenon have not been elucidated and appear to involve rhythmic distension of the lung, increased oxygenation, shear stress, and changes in vasoactive factor expression (3) . In experimental animals, the basal pulmonary vessel tone appears to be tightly regulated by a balance between endothelium-derived mediators, some of which display major vasodilating effects, such as NO, EDHF, and prostacyclin, and some potent vasoconstrictive effects, such as and ET-1 and leukotrienes (4 -10) . NO, for instance, produced from L-arginine by the action of a constitutive eNOS, is clearly involved in the postnatal fall in PVR in rats, lambs, and piglets (1, 11, 12) . The effects of ET-1, mediated through two different sets of receptors, ET-A and ET-B, are more ambiguous (13) . ET-A, mostly present on vascular smooth muscle cells, mediates vasoconstriction. ET-B, on the other hand, might participate both in the release of vasodilatory mediators such as NO when located on endothelial cells and in vasoconstriction through its location on vascular smooth muscle cells (10,14 -17) . In rats and lambs, the gradual rise in pulmonary eNOS expression with advancing gestational age matches the perinatal transition from the saccular to the alve-olar stage of lung development (1, 12) . In humans, in contrast, alveolarization starts several weeks before birth. Both endothelial vasoactive and angiogenic factors are critical during this transitional period, and an altered pulmonary vasculature structure and/or function can hinder postnatal pulmonary adaptation (18 -20) . Among the most potent angiogenic factors, VEGF is a specific endothelial cell mitogen that regulates endothelial cell differentiation and angiogenesis (21) (22) (23) . It is thought to play a key role in the vascular development of the human fetal lung (24) . Its expression throughout this development relatively to that of the vasoactive factors is largely unknown. Likewise, the expression of eNOS relative to that of the ET-1 balance, thought to be critical in the marked vasodilation that occurs in the human lung at birth, is presently unclear.
In order to find clues to the role of the various factors in the sharp adaptation of PVR that occurs at birth, we evaluated eNOS, ET-1, and VEGF expression in the pulmonary arteries throughout gestation and at birth in 14 human fetuses of different gestational ages and in five infants.
MATERIALS AND METHODS
Study population. Fourteen fetuses aborted for major nonpulmonary abnormalities were included in this study, which was approved by the local ethics committee ( Table 1) . None of these fetuses had known lung abnormalities, and the two fetuses with bone abnormalities had no thoracic deformation. The fetuses were separated into three groups according to the classical lung development stages (20) , i.e. canalicular (16 -24 wk gestation, n ϭ 5), saccular (25-35 wk, n ϭ 5), and alveolar (36 -41 wk, n ϭ 4), and were compared with five infants who died of nonpulmonary causes. One of the five infants died just after delivery at 41 wk after having breathed naturally. Four infants died of sudden infant death syndrome between 3 and 6 mo of age. In fetuses as well as in infants, autopsies were performed within 24 h of death or abortion. Lung tissues were fixed in 10% neutral buffered formalin for 48 h before being processed. Lung tissues were also flash frozen in liquid nitrogen and stored at Ϫ80°C. The lungs were macroscopically and microscopically normal in all the fetuses and infants. The lung structure of the infants of 1 d, 3 mo, and 6 mo were comparable with respect to lung expansion and thin-walled pulmonary arteries.
Immunohistochemistry. Lung necropsy samples were fixed in 10% neutral buffered formalin for 48 h, embedded in paraffin, and kept in dry storage at room temperature. Four-micrometer sections were stained with hematoxylineosin and Miller's elastin-van Gieson stains for morphologic studies. In addition, adjacent sections were studied immunohistochemically. Briefly, sections were deparaffinized in toluene, rehydrated through graded concentrations of ethanol, and heated for 40 min in citrate buffer pH 6 in a 97°C water bath. The slides were incubated with hydrogen peroxide to block endogenous peroxidase activity and washed in Tris-buffered saline. They were then incubated for 1 h at room temperature with the following primary antibodies: mouse MAb to human eNOS (1:100 final dilution (BD Transduction Laboratories, Lexington, KY), ET-1 (1:200, Affinity Bioreagents, Golden, CO) and ET-A and ET-B receptors (1:100 and 1:150, respectively, Alexis Biochemicals, San Diego, CA), or a rabbit polyclonal antibody to VEGF (1:100, A-20; Santa Cruz Biotechnology, Santa Cruz, CA). Irrelevant antibodies of the same species and isotype (polyclonal rabbit anti-human thyroglobulin, DAKO, Carpenteria, CA) served as controls. Negative controls omitted the primary antibody. The sections were then incubated with a biotinylated anti-mouse or anti-rabbit secondary antibody for 15 min at room temperature. Labeling was revealed by incubation with a streptavidin-horseradish peroxidase complex, according to the manufacturer's instructions (DAKO). Slides were counterstained with Harris' hematoxylin and mounted in aqueous medium.
Three investigators blinded to the age of the fetuses or infants examined all the slides independently, using a four-point semiquantitative scoring system to grade the intensity of each immunolabel in pulmonary arteries (0: no staining, 1: weak, 2: moderate, 3: intense staining). All experimental and control slides used to study a given mediator were prepared in parallel to avoid technical variability. The results were expressed as the mean Ϯ SD of their scores. Interobserver variability was always Ͻ5%. Each immunolabel was similar in intensity in proximal and distal pulmonary arteries (Ͻ200 m). We therefore focused on the latter, which are involved in vascular reactivity.
Western blot analysis. Lung tissues were homogenized in Tris-HCl containing protease inhibitors (0.1 mM), and the homogenates were centrifuged at 10,000 g for 10 min. Supernatant fractions were collected for total protein assay (Bradford assay kit, Bio-Rad, Hercules, CA) and Western blot analysis. Fifty micrograms of protein was separated by electrophoresis on an 8% polyacrylamide gel using Tris-glycine-SDS buffer. The separated proteins were transferred to nitrocellulose membranes at 1.2 mA/cm 2 for 1 h and 45 min in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 20% methanol). The membranes were blocked with 5% nonfat dried milk in Tris-buffered saline [(TBS) 10 mM Tris pH 7.4, 100 mM NaCl] and then incubated overnight at 4°C with either a mouse monoclonal anti-eNOS antibody (1:500) (BD Transduction Laboratories) or a rabbit polyclonal anti-human VEGF antibody (1:1000) (Santa Cruz Biotechnology). The membranes were then rinsed three times for 10 min each in TBS-0.1% Tween and incubated for 1 h at room temperature with anti-mouse IgG (1:500) or an anti-rabbit IgG-horseradish peroxidase conjugate (1:500), for eNOS and VEGF, respectively. After three 10-min rinses, the reaction was developed using the Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life Science, Boston, MA) on Kodak BioMax Light-1 films (Eastman Kodak, Rochester, NY). Band densitometry was performed using National Institutes of Health image analysis software. Results for eNOS were standardized using a lysate of a human aortic endothelial cell line (BD Transduction Laboratories), which also served as a positive control. Experimental eNOS and VEGF data are expressed as a percentage of the values obtained in infants. In these experiments, we could not use actin as a housekeeping protein because its expression also varied during lung development.
ELISA to detect active ET-1. The Biotrak ET-1 ELISA system (Amersham Pharmacia Biotech UK, Ltd., Little Chalfont, Buckinghamshire, UK) was used to detect ET-1 production by the lungs of fetuses and infants. Supernatant fractions from homogenized lung tissues were processed. ET-1 in the samples tested was captured by microtiter plates precoated with ET-1 antibody and detected by a peroxidase-labeled Fab' fragment of ET-1 antibody conjugate.
Statistical analysis. Results are expressed as means Ϯ SD. ANOVA was applied to all data. When ANOVA was significant, comparisons between two groups were made using Mann-Whitney U test. A p value Ͻ 0.05 was considered significant. 
RESULTS
Lungs obtained at 16 -24 wk of gestation exhibited an immature parenchyma with immature vascular and bronchial structures. Increasing gestational age was associated with increased alveolarization, thinning of vessel walls, and increasing numbers of distal arteries and capillaries.
ET-1 and its receptors. ET-1 immunolabeling was detected on vascular endothelium and vascular smooth muscle cells of all samples. Its intensity was similar at the two arterial sites and the corresponding scores were therefore pooled. ET-1 expression did not vary significantly during gestation (1. (Fig. 1) .
ELISA analysis confirmed these results, with findings showing an increase during midterm gestation and a decrease in infants (p Ͻ 0.01 canalicular versus saccular and alveolar versus infants) (Fig. 2) .
As far as ET-1 receptors are concerned, they were expressed on endothelial and vascular smooth muscle cells. ET-A expression was relatively strong throughout gestation (2 Ϯ 0.2, 1.8 Ϯ 0.4, and 1.2 Ϯ 0.3 at the canalicular, saccular, and alveolar stages, respectively, NS) (Fig. 3A) . It remained stable after birth (1.66 Ϯ 0.6, NS versus the fetal groups). In contrast, ET-B receptor expression was weak in the canalicular stage (0.97 Ϯ 0.1) then increased markedly thereafter (2.34 Ϯ 0.57 and 2 Ϯ 0.1 at saccular and alveolar stages, respectively; p Ͻ 0.001 compared with canalicular stage) (Fig. 3B) . ET-B receptor expression remained stable after birth (2.66 Ϯ 0.57, p Ͻ 0.001 versus canalicular subgroup).
eNOS. eNOS immunolabeling was detected on the vascular endothelium of all samples. Interestingly, vascular smooth muscle cells were always eNOS negative (Fig. 4) . During lung development, endothelial eNOS expression was strong in the canalicular as well as in the saccular subgroups, with a comparable intensity (2.06 Ϯ 0.26 and 2.26 Ϯ 0.59, respectively). Remarkably, it fell sharply in the alveolar group (1.23 Ϯ 0.25, p Ͻ 0.01 versus canalicular and saccular groups). It further decreased after birth (0.71 Ϯ 0.07, p Ͻ 0.0001 versus canalicular subgroup) (Fig. 5) .
Western blot analysis confirmed these findings, revealing a band of 140 kD corresponding to the eNOS protein in the lung of all subjects. In addition, densitometric analysis confirmed the quantitative immunohistochemical data, showing that the eNOS content of fetal lungs increased until mid-gestation then fell during the alveolar stage before decreasing further after birth (338 Ϯ 199%, 403 Ϯ 31.5%, and 278 Ϯ 14% of the infants values in canalicular, saccular, and alveolar stages respectively; p Ͻ 0.001 for all fetal subgroups versus infants and saccular versus alveolar stage). 
LEVY ET AL.
The values are expressed as a percentage of the band obtained in the infants (Fig. 6) . VEGF. Pulmonary arterial smooth muscle cells expressed VEGF throughout gestation (Fig. 4) , whereas the endothelial cells expressed it only after birth. The arterial smooth muscle cell expression of VEGF was particularly intense during early gestation (2.04 Ϯ 0.26 and 2.23 Ϯ 0.91 at the canalicular and saccular stages, respectively) (Fig. 5) , then fell sharply during the alveolar stage (0.86 Ϯ 0.22; p Ͻ 0.001 and p Ͻ 0.01 versus the canalicular and saccular stages, respectively). It further decreased after birth (0.5 Ϯ 0.06; p Ͻ 0.001 and p Ͻ 0.01 versus the canalicular and saccular stages, respectively).
Western blot analysis confirmed these findings, showing a band of 42 kD corresponding to VEGF protein in all lung samples. Semiquantitative densitometric analysis of Western blots showed that VEGF content was highest in mid-gestation then fell markedly, in keeping with the immunohistochemical results (253 Ϯ 22%, 416 Ϯ 93%, and 185 Ϯ 6.5% of the infants values in canalicular, saccular, and alveolar stages, respectively; p Ͻ 0.001 for all fetal subgroups versus infants and saccular versus alveolar stage, p Ͻ 0.01 canalicular versus saccular stage) (Fig. 6 ).
DISCUSSION
We examined changes in ET-1, eNOS, and VEGF protein expression during human lung development by means of immunohistochemistry and Western blotting. We found that VEGF and eNOS expression rose rapidly during gestation, peaking at 75% of term, before falling in the alveolar stage and after birth. ET-1 expression was high throughout gestation, then decreased after birth.
To our knowledge, this is the first ontogenic study of these endothelial vasoactive and angiogenic mediators in the human perinatal lung. Previous data were obtained in animal studies and exhibited some apparent discrepancies. For instance, eNOS and ET-1 expression were found to increase before birth in lambs and after birth in rats and to be similar before and after birth in the piglets (1, 11, 12) . Differences in the timing of lung development may account for the differences observed between human and animal studies (1, 20, 25) . Our findings point to a discrepancy between the maturational and functional development of vascular structures in the human lung. Indeed, vasoactive and angiogenic growth factor expression peaked some time before alveolarization. During the perinatal period, ET-1 expression remained high, and ET-B expression was stronger than ET-A. The physiologic role of ET-1 in the fetus and newborn is unclear. Some studies of fetal animals point to a principally vasodilatory action (15, 26, 27) , whereas others favor a predominantly vasoconstrictive effect (14, 16) . We have previously reported high plasma levels and strong pulmonary expression of ET-1 in newborn piglets, with a fall to adult levels at 3 d of life (7, 28) . We also found that relaxation of pulmonary artery rings was attenuated by the endothelium in newborn piglets. This difference was attenuated by blocking 
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ET-A receptors, suggesting that the vasoconstrictive effect of ET-1 at birth occurs through activation of ET-A receptors (28) . In lambs, selective blockade of ET-B receptors attenuates the fall in PVR at birth, suggesting a predominantly vasodilatory effect of ET-1 through ET-B receptor activation (15) . In the human lung, the net effect of ET-1 might be strongly dependent on a balance between the opposing effects of ET-A and ET-B receptor activation. The strong ET-B expression that we observed in the perinatal period could point to a predominantly vasodilatory effect of ET-1, which may contribute to the postnatal fall in PVR occurring in humans.
The importance of the vasodilatory action of NO during adaptation of the pulmonary vascular bed to extrauterine life is unclear. Kawai et al. (29) reported that, in rat fetal lung, eNOS protein and mRNA levels rise during late gestation, peak within 24 h after birth, and then fall to adult levels. In fetal lambs, Parker et al. (1) observed that eNOS expression rose during late gestation, fell before birth, and then rose again in the newborn. Arrigoni et al. (12) found a similar eNOS expression in fetal and newborn piglets, whereas its activity increased at birth. In our study, eNOS was expressed early in gestation, but fell to a very low level in the perinatal period. Differences in the timing of fetal lung parenchymal and vascular development between humans and animals may account for these differences in eNOS expression. We are aware of the fact that protein expression does not necessarily parallel its activity. We could not perform functional studies and evaluate eNOS activity in our samples due to the too long delay between death and autopsy in our subjects to allow functional preservation of the endothelium. However, in many animal studies, the increase in eNOS expression coincided with the onset of endothelium-dependent vasodilation (1, 30) . This discrepancy between the decrease in eNOS expression and the onset of marked vasodilation that occurs at birth could suggest that vasoactive factors other than NO, such as prostacyclin, endothelin through ET-B activation, and EDHF, could play a role, as previously suggested in animal studies during the perinatal period (6, 8, 27, 28, 30, 31) .
By contrast, the endothelial NOS expression might have a crucial importance in alveolar and vascular development. The gradual rise in eNOS expression that we observed during pregnancy is in keeping with the development of the pulmonary vasculature. In particular, it is noteworthy that eNOS expression peaked just before the onset of alveolarization. The temporal relationship between the development of the airways and the pulmonary vasculature is clearly established in animals, with abundant growth of intraacinar capillaries matching alveolar development (32) .
VEGF is one of the major inducers of vasculogenesis and angiogenesis (33) (34) (35) (36) (37) . It is also involved in postnatal alveolarization-treatment of newborn rats with a VEGF receptor inhibitors causes pulmonary hypertension and abnormal lung structure (19) . In addition to promoting angiogenesis, VEGF plays also a role in vascular tone regulation through an acute release of NO (38, 39) . We have found that, in the fetus, VEGF was expressed by epithelial but not endothelial cells, whereas in infants it was expressed by the endothelium. This cannot be explained by a poor endothelial preservation in the fetus, inasmuch as eNOS and ET-1 were expressed in fetal endothelial cells. This argues for a paracrine role of VEGF on vascular growth, in accordance with in vitro studies (40, 41) . The parallel expression of eNOS and VEGF, with a peak 6 wk before birth, just before the alveolar stage, could indicate that maturation has ended by that age in the human lung.
This study has potential limitations. Functional studies determining the role of each factor during lung development would help considerably in the understanding of birth-related vasoreactivity. Such studies are, however, impossible to perform in humans because of the usual delay between human fetus or infant death and autopsy, which does not allow for sufficient endothelium preservation.
In conclusion, we show that expression of the endothelial vasoactive factors ET-1 and eNOS and the angiogenic factor VEGF increases during the development of the human fetal lung and peaks shortly before birth. This suggests that the pulmonary vasculature reaches maturity by 75% of term. Further investigations are needed to determine the respective roles of vasodilatory mediators in the perinatal adaptation of the pulmonary vasculature.
